Brothers RM, Wingo JE, Hubing KA, Del Coso J, Crandall CG. Effect of whole body heat stress on peripheral vasoconstriction during leg dependency. J Appl Physiol 107: 1704 -1709, 2009. First published October 8, 2009 doi:10.1152/japplphysiol.00711.2009.-The venoarteriolar response (VAR) increases vascular resistance upon increases in venous transmural pressure in cutaneous, subcutaneous, and muscle vascular beds. During orthostasis, it has been proposed that up to 45% of the increase in systemic vascular tone is due to VAR-related local mechanism(s). The objective of this project was to test the hypothesis that heat stress attenuates VAR-mediated cutaneous and whole leg vasoconstriction. During normothermic conditions, measurements of cutaneous blood flow (laser-Doppler flowmetry) and femoral artery blood flow (Doppler ultrasound) were obtained from both legs during supine and leg-dependent conditions. These measurements were repeated following a whole body heat stress (increase in internal temperature of 1.4 Ϯ 0.2°C). Before leg dependency, cutaneous (CVC) and femoral vascular conductances (FVC) were significantly elevated in both legs during heat stress relative to normothermia (P Ͻ 0.001). During leg dependency the absolute decrease in CVC was attenuated during heat stress (P Ͻ 0.01) while the absolute decrease in FVC was unaffected (P ϭ 0.90). When CVC and FVC data were analyzed as a relative change from their respective baseline values, heat stress significantly attenuated the magnitude of vasoconstriction due to leg dependency in the cutaneous and femoral circulations (P Ͻ 0.001 for both variables). These data suggest that an attenuated local vasoconstriction, evoked via the venoarteriolar response, may contribute to reduced blood pressure control and thus reduced orthostatic tolerance that occurs in heat-stressed individuals. hyperthermia; orthostatic tolerance; blood pressure IN HUMANS, an elevation in internal temperature imposes a significant stress to the cardiovascular system (26). To optimize heat dissipation, cutaneous blood flow increases to values as high as 7,500 ml/min compared with ϳ300 ml/min when individuals are normothermic (25, 26) . Maintenance of arterial blood pressure during heat stress conditions, in the face of robust increases in cutaneous vascular conductance (CVC), requires profound increases in resistance of noncutaneous vascular beds (24, 25, 27) .
IN HUMANS, an elevation in internal temperature imposes a significant stress to the cardiovascular system (26) . To optimize heat dissipation, cutaneous blood flow increases to values as high as 7,500 ml/min compared with ϳ300 ml/min when individuals are normothermic (25, 26) . Maintenance of arterial blood pressure during heat stress conditions, in the face of robust increases in cutaneous vascular conductance (CVC), requires profound increases in resistance of noncutaneous vascular beds (24, 25, 27) .
The control of blood pressure becomes compromised when an orthostatic challenge is superimposed with elevated internal temperatures (5, 25, 38, 39) . The mechanism(s) resulting in reduced blood pressure control during heat stress is multifaceted, most likely owing to reductions in cerebral blood flow (20, 38) , cutaneous vascular sensitivity to sympathetic nerve activity (18, 37) , central blood volume (4) , and ventricular filling pressures (2, 22, 26, 41) .
A primary component of blood pressure regulation during an orthostatic challenge is an appropriate increase in vascular resistance. Vascular resistance can be elevated through a variety of methods, including increased sympathetic efferent outflow, as well as local mechanisms such as the venoarteriolar response (VAR) (12, 14, 15) . Vasoconstriction evoked by the VAR occurs when venous transmural pressure is elevated in cutaneous, subcutaneous, and muscle vascular beds, secondary to venous stasis, which occurs during orthostasis (1, 13, 31) . As a result of this increase in venous pressure, local vascular resistance is elevated and thus blood flow decreases within that region (15) . During orthostasis, it has been suggested that the VAR contributes up to 45% of the increase in systemic vascular tone, while the central reflex response to unloading of the baroreceptors contributes the other 55% (12, 15 ). An attenuated VAR may contribute, in part, to the decreases in orthostatic tolerance that occur in individuals following head-down-tilt bed rest (40) and patients with postural orthostatic tachycardia syndrome (POTS) (33) , while a preserved VAR response in individuals with a spinal cord injury likely contributes to their maintenance of orthostatic tolerance (9, 32, 35) .
Two studies have investigated the effects of heating on cutaneous vasoconstrictor responsiveness, both of which reported the heating stimulus attenuated cutaneous vasoconstriction to the VAR. The first investigated the effect of local heating on forearm skin responsiveness to the VAR (7). Aside from this assessment being on forearm skin, which would be less likely to be exposed to pressures that engage the VAR, the effect of local cutaneous heating on the VAR would likely be different relative to cutaneous vasodilation due to indirect whole body heating (i.e., heating the core but not the area where skin blood flow is assessed). The second study investigated the effects of a relatively minor whole body heat stress (i.e., increase in internal temperature of ϳ0.5°C) on VAR-mediated vasoconstriction in the lower leg (42) . The results of the second study are also clouded by the possibility that vasoconstrictor responses to the mode utilized to engage the VAR (i.e., proximal cuff inflation) were due to a combination of the VAR and reduced perfusion pressure, as recently proposed (23) .
An attenuated VAR from cutaneous vascular beds of the lower limbs during an orthostatic stress of profoundly heatstressed subjects may contribute to attenuated increases in vascular resistance, thereby predisposing subjects to reduced orthostatic tolerance while in this thermal condition. Moreover, the effects of heat stress on the VAR of an entire limb, comprising both skin and muscle vascular beds, are unknown. Since reduced vasoconstrictive responses of the lower extremities could have important implications with respect to orthostatic tolerance, and the femoral artery is a large-conduit vessel serving both muscle and skin of the legs, identification of the effects of heat stress on the VAR of the entire lower limbs could provide further mechanistic insight regarding the etiology of heat stress-induced reductions in orthostatic tolerance. Given this background, the aim of this study was to test the hypothesis that whole body heat stress attenuates the cutaneous and whole leg vasoconstrictor response evoked by the VAR relative to when subjects are normothermic.
METHODS
Sixteen healthy normotensive subjects (10 men and 6 women) participated in this study. Average subject characteristics were: age, 35 Ϯ 10 yr; height, 172 Ϯ 8 cm; and weight, 68 Ϯ 9 kg (mean Ϯ SD). Subjects were not taking medications and were free of any known cardiovascular, metabolic, or neurological diseases. The phase of the menstrual cycle of the female subjects was not taken into account with the collection of these data. Subjects were informed of the purpose and risks of the study before providing their informed written consent. The protocol and consent were approved by the Institutional Review Boards at the University of Texas Southwestern Medical Center at Dallas and Texas Health Presbyterian Hospital Dallas. Subjects refrained from alcohol, caffeine, and exercise for 24 h before the study.
Instrumentation and Measurements
Each subject swallowed an ingestible telemetry pill for the measurement of intestinal temperature (HQ, Palmetto, FL). Subjects were fitted with a water-perfused, tube-lined suit (Med-Eng, Ottawa, Canada) that covered the entire body except for the head, face, hands, one leg, and feet. One leg, randomized between subjects, was not covered by the suit, thereby permitting the evaluation of the VAR in a leg that was only subjected to reflex-induced cutaneous vasodilation (i.e., exposed leg) and a leg subjected to both reflex and local heatinginduced cutaneous vasodilation (i.e., covered leg). The suit permitted the control of skin and internal temperatures by adjusting the temperature of the water perfusing the suit. Mean skin temperature was measured from the weighted average of six thermocouples attached to the skin under the water-perfused suit (34) . An additional thermocouple was attached to the shin of the exposed leg to monitor local skin temperature. Heart rate was continuously obtained from an electrocardiogram (HP Patient Monitor, Agilent, Santa Clara, CA) interfaced with a cardiotachometer (CWE, Ardmore, PA). Intermittent blood pressure measurements were obtained by auscultation of the brachial artery via electrosphygmomanometry (SunTech, Raleigh, NC). Skin blood flow was indexed at the top of the ankle and the top of the shin (approximately midway between the ankle joint and the knee joint) on both the covered and exposed legs (total of 4 sites) via laser-Doppler flowmetry using integrating flow probes (MoorLab Laser-Doppler Perfusion Monitor, Moor Instruments, Wilmington, DE).
Femoral blood flow. Femoral artery diameter and femoral blood velocity were obtained using commercially available Doppler ultrasound equipment and were used for subsequent calculation of femoral blood flow. Ultrasound imaging of femoral artery diameter was performed from the perpendicular image along the central axis of the scanned area and was accomplished using a linear array transducer at a site ϳ2 cm proximal to the femoral artery bifurcation where the best spatial resolution was achieved. The blood velocity profiles were obtained using the same transducer with a sample volume depth of 3.5-4 mm and size adjusted to cover the entire width of the artery. During all blood velocity measurements the probe was appropriately positioned in a fixed manner to maintain an insonation angle of Յ60°. Femoral artery diameter images were stored onto the hard drive of the Doppler ultrasound machine and were later measured, using on-screen calipers. Angle-corrected, time-and space-averaged, and intensityweighted mean femoral artery blood velocities were calculated using on screen calipers immediately following each data collection period.
Experimental protocol. All experiments were performed in a temperature-controlled laboratory (ϳ26°C) in the morning or early afternoon. Following instrumentation, subjects rested on a patient table in the supine position while thermoneutral water (34°C) circulated through the suit. The patient table was adapted with two planks each attached to the table by hinges. With this set-up the upper portion of the subject (from the hips up) rested on the patient table while the lower portion (from the hips down) rested on the planks with each leg on a separate plank. This configuration enabled one leg to be lowered at ϳ45°at the hip with the leg remaining on the plank, while the remainder of the body, including the contralateral leg, remained in the horizontal position, thus minimizing/eliminating the effects of unloading baroreceptors. During leg dependency, the dependent ankle was ϳ41 cm below the contralateral (i.e., supine) ankle. Data collection during normothermic baseline included 6 min of continuous assessment of heart rate, internal temperature, mean skin temperature, skin blood flows, and skin temperatures. Blood pressure was measured intermittently via auscultation of the brachial artery. Following this baseline period Doppler ultrasound assessment of femoral artery diameter and velocities were performed on one leg while in the horizontal position. Immediately after completion of this measurement, that leg was lowered at the hip, and following a 60-s stabilization period the aforementioned Doppler ultrasound measurements were repeated, along with continuous measures of skin blood flow. The leg was in the dependent position for ϳ4 min. On completion of these measurements the lowered leg was returned to horizontal. The aforementioned measures and procedures were then repeated from the opposite leg. Following completion of normothermic data collection, whole body heating began by circulating 49°C water through the suit until internal temperature increased ϳ1.3°C above baseline temperature. Once this increase in internal temperature was attained, the temperature of the water circulating the suit was slightly decreased (typically decreased to ϳ47.5°C) in an effort to attenuate the rate of rise in internal temperature during data collection. Following a 6-min baseline heat stress data collection period, the aforementioned femoral artery diameter, femoral artery velocity, and skin blood flow data were obtained from both legs separately in the horizontal and dependent positions as outlined above.
Data Analysis
Thermal and hemodynamic data were sampled at 50 Hz via a data-acquisition system (Biopac System, Santa Barbara, CA). Data from the last 60 s of the 6-min baseline period were averaged and compared between thermal conditions. The effect of leg dependency on cutaneous blood flow and conductance was always calculated at 2 min post-leg lowering and was compared relative to the last minute before leg lowering. There were no differences in CVC responses to leg lowering between the distal and the proximal sites of either the covered or exposed legs regardless of the thermal condition. Additionally, the effects of heat stress on the cutaneous vasoconstrictor responsiveness were similar between sites; therefore, cutaneous blood flow and conductance data were analyzed using the average of the ankle and shin sites for each leg. The average of six measurements of femoral artery diameter and an average of 20 -30 s of intensity-weighted time-averaged mean femoral blood velocities (V mean) were used for subsequent blood flow determination. Femoral artery blood flow was calculated as: femoral blood flow (ml/min) ϭ Vmean⅐⅐(femoral artery diameter/2) 2 ⅐60. Leg vascular conductance was calculated as: femoral blood flow/MAP where MAP is mean arterial pressure. CVC was calculated as: skin blood flux/MAP.
Statistical comparisons between steady state (i.e., last minute of the 6-min baseline data collection period) thermal (i.e., core and skin temperatures) and hemodynamic (i.e., MAP and heart rate) data during normothermic and heat stress conditions were performed using paired t-tests. The effects of core body temperature (normothermia vs. heat stress) and local skin temperature (exposed leg vs. covered leg) on femoral and cutaneous blood flows and vascular conductances before the VAR were evaluated using a two-way ANOVA. Likewise, a two-way ANOVA was used to evaluate the effects of core body temperature and local skin temperature on the magnitude of the reduction of those variables to the VAR (i.e., calculated delta from pre-VAR). For each thermal condition, the effect of the VAR on cutaneous blood flow and vascular conductance of the limb that remained horizontal was analyzed using a paired-samples t-test (i.e., supine vs. lowered of the contralateral limb). All statistical analyses were performed using a commercially available statistical software package (SigmaStat 3.11, Chicago, IL). All values are reported as means Ϯ SD. P values Ͻ 0.05 were considered statistically significant.
RESULTS
Before the whole body heat stress, mean skin and internal temperatures were 34.5 Ϯ 0.6°C and 37.0 Ϯ 0.2°C, respectively. Whole body heat stress increased mean skin temperature by 4.3 Ϯ 0.8°C (P Ͻ 0.001) and internal temperature by 1.4 Ϯ 0.2°C (P Ͻ 0.001). MAP was not altered by heat stress relative to normothermia (P ϭ 0.78), while heart rate was increased (P Ͻ 0.001; Table 1) .
Baseline (i.e., before leg lowering) CVC and femoral vascular conductance (FVC) were significantly increased in both legs during heat stress relative to each respective normothermic condition (P Ͻ 0.001). There was no difference in baseline CVC (P ϭ 0.41) or FVC (P ϭ 0.46) between the covered and exposed leg within each thermal condition (Figs. 1A and 2A) . While normothermic, leg lowering reduced CVC (ϳ45%) and FVC (ϳ35%) relative to the supine condition, indicating successful activation of the VAR. During leg lowering, the absolute decrease in CVC was similar between covered and uncovered legs ( Fig. 1A : P ϭ 0.64) but was attenuated during heat stress, relative to normothermia, for both legs ( Fig. 1A : P Ͻ 0.01). The absolute decrease in FVC was similar between legs ( Fig. 2A : P ϭ 0.79) and thermal conditions ( Fig. 2A : P ϭ 0.90). When CVC and FVC data were analyzed as a relative change from the respective baseline condition (i.e., before leg lowering), the VAR-mediated vasoconstriction was attenuated during heat stress from both the covered and exposed legs (P Ͻ 0.001 for both CVC and FVC), with equal attenuation of these responses between legs (CVC: P ϭ 0.11; FVC: P ϭ 0.53).
The cutaneous and femoral blood flow responses to leg lowering followed similar patterns to that observed with CVC and FVC, i.e., while normothermic, in that leg dependency reduced cutaneous blood flow (ϳ45%) and femoral blood flow (ϳ35%) relative to the supine condition, again indicating successful activation of the VAR. The absolute decrease in cutaneous blood flow to leg lowering was similar between covered and uncovered legs (P ϭ 0.60) but was greater during normothermia for both legs (P Ͻ 0.01), whereas there was no difference between legs (P ϭ 0.92) or thermal conditions (P ϭ 0.90) in the absolute reduction in femoral blood flow to leg lowering. When analyzed as a relative change, the reduction in cutaneous and femoral blood flows was attenuated during heat stress (P Ͻ 0.01 for both variables). There was no effect of thermal condition or leg dependency on femoral artery diameter from either leg, indicating that the observed changes in femoral blood flow were attributed to downstream vascular adaptations. There was no effect of leg lowering on CVC or cutaneous blood flow in the leg that remained horizontal, indicating that the effects of limb dependency were localized to the leg being lowered. Femoral blood flow from the leg that Values are means Ϯ SD. Heat stress significantly increased baseline CVC in both the covered and exposed leg with respect to normothermia, and the magnitude of this increase was similar between legs. Panel A illustrates the absolute decrease in CVC during leg dependency, which was similar between the covered and exposed legs (P ϭ 0.64); however, the response was attenuated in both legs during heat stress (P Ͼ 0.01). When the CVC data are represented as a percent change (B), there was a significant attenuation of vasoconstriction in both legs due to leg dependency during heat stress relative to normothermia (P Ͻ 0.001); however, the effect of heat stress was not different between the covered and exposed legs (P ϭ 0.99). *Heat stress significantly different relative to the corresponding normothermic condition.
remained horizontal, when the opposing leg was lowered, was not measured.
DISCUSSION
The primary findings of this study are that the decreases in CVC and FVC during the engagement of the VAR via leg dependency are significantly attenuated when subjects are heat stressed to a magnitude that is associated with an increased incidence of orthostatic intolerance (5, 25, 38, 39) . The observed CVC responses are generally in agreement with a previous report of an attenuated VAR response during a less severe whole body heat stress (42) , which is unlikely to impair orthostatic tolerance to the same extent relative to the degree of heating for the present study. Finally, to our knowledge, the present study is the first to investigate the effects of heat stress on VAR-mediated vasoconstriction of the legs via assessment of flow through the femoral artery. The present findings suggest that an attenuated cutaneous and whole leg VAR could contribute to reduced orthostatic tolerance in heat-stressed individuals.
A reduction in blood pressure control and thus orthostatic tolerance has been extensively demonstrated in individuals with elevated internal temperature (5, 24, 38, 39) . During heat stress conditions cardiac output can more than double, approaching values as high as 13 l/min, with 50% or more of that value being directed toward skin (25, 26) . In the present study femoral blood flow was used to calculate vascular conductance of the whole leg. While it is understood that a large portion of femoral blood flow during heat stress is directed toward the cutaneous circulation, femoral blood flow represents the total amount of blood perfusing the leg. This point is particularly important given the small area of skin evaluated with the laser-Doppler probes (Ͻ0.3 cm 2 ). A reduction in whole leg vasoconstriction during leg dependency associated with standing could have major implications for blood pressure control during orthostasis. The present findings indicate that the VAR associated with leg dependency only reduced FVC by ϳ10% when subjects were heat stressed, whereas during normothermia FVC was reduced by ϳ35%. An example of the importance of this inadequate vasoconstriction during orthostasis of heat-stressed subjects is as follows. If cardiac output were elevated to 10 l/min during supine conditions in a heat-stressed individual and MAP were 80 mmHg, then systemic vascular conductance would be 125 ml ⅐mmHg Ϫ1 ⅐min Ϫ1 , ignoring the effect of heat stress on central venous pressure. On standing, or a similar orthostatic challenge, if cardiac output dropped by 35% (39) , and the 55% contribution of increased vascular tone via central reflex mechanisms (12, 15) was fully effective while the VAR only reduced vascular conductance by 10%, then the resulting MAP would be ϳ69 mmHg. If this same scenario were to occur during normothermia in an individual with a supine cardiac output of 5 l/min, a MAP of 80 mmHg, and a fully effective VAR, then MAP would be maintained on orthostasis. The above-mentioned scenario is based on several assumptions that are recognized to not be physiologically accurate. For example, the magnitude of decrease in cardiac output that occurs during orthostasis in nonsyncopal normothermic subjects is closer to 25% (10); however, during heat stress the reduction is ϳ35% (39). Another potentially inaccurate assumption is that the magnitude of change in the VAR in the femoral artery is reflective of the systemic VAR. Last, it may be that in the aforementioned scenario other redundant blood pressure control mechanisms (i.e., baroreflex-mediated vasoconstriction) would assume a greater contributory role, thereby minimizing reductions in arterial pressure to an attenuated VAR. Despite these potential caveats, the point remains that a significant attenuation of the VAR during heat stress may have a profound impact on blood pressure control and thus may contribute to reduced orthostatic tolerance while individuals are in this thermal condition (5, 24, 38, 39) .
During heat stress, due to large increases in CVC and the fraction of cardiac output to the skin, control of the cutaneous circulation becomes increasingly more critical for blood pressure control. Absolute cutaneous blood flow is reduced in the forearm circulation of heat-stressed individuals on exposure to an orthostatic challenge (i.e., lower-body negative pressure). However, the relative change is greatly attenuated during an Heat stress significantly increased baseline FVC in both the covered and exposed leg with respect to normothermia, and the magnitude of this increase was similar between legs. Panel A illustrates the absolute decrease in FVC during leg dependency, which was similar between thermal conditions (P ϭ 0.90) regardless of whether the leg was covered or exposed (P ϭ 0.79). When the FVC data are represented as a percent change (B), there was a significant attenuation of vasoconstriction in both legs due to leg dependency during heat stress relative to normothermia (P Ͼ 0.001); however, the effect of heat stress was not different between the covered and exposed legs (P ϭ 0.99). *Heat stress significantly different relative to the corresponding normothermic condition. orthostatic challenge, even at the onset of syncopal symptoms, when the individual is heat stressed (17) . While in the cited study (17) the forearm was not exposed to increased distending pressures, and thus was not exposed to the VAR, it is possible that heat stress-induced attenuation of the VAR in the regions exposed to elevated venous pressures (i.e., the legs and lower torso) could contribute to compromised blood pressure control while in this thermal condition. In this regard, and in contrast to the present findings, Yamazaki et al. (42) reported greater reductions in absolute cutaneous blood flow in the calf during incremental increases in thigh cuff pressure following an increase in internal temperature of ϳ0.5°C. However, the relative reduction was attenuated while heat stressed during moderate increases in thigh cuff pressure (i.e., 30 and 50 mmHg), whereas the effect of greater levels of thigh cuff pressure was similar between thermal conditions (42) . This is in stark contrast to the present protocol where we observed less of a decrease in absolute CVC to the VAR during heat stress compared with during normothermia. Furthermore, the relative decrease in CVC to the VAR, in the present study, was ϳ45% during normothermia whereas during heat stress this reduction was ϳ5%. It is likely that differences in the magnitude of the imposed heat stress in the study by Yamazaki et al. (42) (0.5°C increase in core temperature) and the present protocol (1.4°C increase in core temperature) contributed to the contrasting findings. Additionally, with the thigh cuff inflation protocol utilized by Yamazaki et al. (42) the reduction in blood flow occurs through both the VAR and through a decrease in perfusion gradient, given the elevation in venous pressure without a corresponding increase in arterial pressure (23) , whereas the reductions in flow due to leg dependency occur only through the VAR. Thus the differences in the technique to evoke the VAR between studies may have also contributed to these contrasting observations. Nonetheless, an attenuated VAR in the cutaneous circulation of the lower leg, and perhaps other regions of the body, following heat stress implicates a heat stress-induced attenuation of the VAR as a possible mechanism contributing to reduced blood pressure control.
Davison et al. (7) found that the VAR was attenuated when the skin was locally heated to 42°C. In the present study the cutaneous and whole limb VAR was evaluated from the leg that was and was not exposed to the tube-lined suit. Thus local skin temperature was different between these legs. While we did not independently assess skin temperature from the covered leg, it is assumed that this temperature was relatively close to mean skin temperature (ϳ38°C). Skin temperature on the exposed leg during the heat stress was 33.1 Ϯ 1.4°C. Despite local temperature being elevated on the covered leg, the ANOVA revealed that the magnitude of the reductions in both CVC and FVC while subjects were heat stressed was not different between the uncovered and covered legs, although this finding was not unexpected given that attenuation of the cutaneous VAR did not occur when the skin was locally heated to 38°C in the study by Davison et al. (7) .
In the present protocol, leg dependency was chosen over upright tilting to engage the VAR given that upright tilting decreases central blood volume, which unloads baroreceptors, resulting in central activation of the sympathetic nervous system, which itself could be a mechanism for reductions in CVC and FVC. Thus upright tilting does not exclusively isolate the VAR. The absence of a reduction in arterial blood pressure or an elevation in heart rate during leg dependency in the present study strongly suggests that this perturbation caused little to no reduction in baroreceptor loading status. That being said, it is possible that VAR-mediated vasoconstriction during leg dependency occurs through, or in conjunction with, local myogenic mechanisms (6, 16) . With the present study design it is difficult if not impossible to decipher contributory differences between VAR-and myogenic-mediated vasoconstriction. Another common difficulty encountered in these types of studies involves the comparison of blood flow or conductance responses between conditions where baseline values are dramatically different, as is the case in the present study in which cutaneous and femoral blood flows and conductances were elevated by approximately 3.5-to 4-fold during heat stress. In these scenarios it is common that the absolute reduction is greater in the high-flow/conductance scenario (i.e., heat stress) whereas the relative reduction is significantly attenuated. Interestingly, despite these large elevations in blood flow and vascular conductance, during leg dependency the absolute reduction in cutaneous blood flow was attenuated during heat stress, whereas the absolute reduction in femoral blood flow was similar between thermal conditions. When taken together, attenuated or similar absolute reductions in CVC and FVC between normothermia and heat stress conditions, coupled with significantly attenuated relative reductions in these variables during the engagement of the VAR, strongly suggest that pronounced heat stress attenuates the VAR.
It has been hypothesized that the VAR occurs through activation of stretch receptors in small veins, which results in vasoconstriction of upstream arterioles (12) , although the mechanisms through which this occurs remain unknown. The findings that the response persists in sites distal to acute spinal and sympathetic neural blockade (11, 12, 14, 15, 31, 36) , in denervated skin flaps (43) , in areas distal to the lesion in spinal cord-injured individuals (1, 9, 32, 35) , and is abolished following local anesthesia at the site of measurement suggest that the VAR is a locally mediated response (11, 12, 14, 15, 36) . Additionally, the VAR is not mediated by ␣-adrenergic mechanisms, given that in cutaneous tissue this response was preserved at sites receiving ␣-adrenergic antagonists (3). Thus the VAR is mediated either by nonadrenergic but neurally mediated mechanisms or by local myogenic mechanisms within the vasculature (6, 16) . Furthermore, the mechanism(s) resulting in attenuated vasoconstriction to the VAR during heat stress are unknown. Shibasaki et al. (29) proposed that variables associated with cutaneous active vasodilation have the capability to attenuate cutaneous vasoconstrictor responsiveness. Similarly, nitric oxide, which contributes to cutaneous vasodilation during heat stress (19, 21, 28, 30) , has been shown to attenuate vasoconstrictor responses in a variety of tissues, including the skin (8) . On the basis of those data, it may be that attenuated skin, and thus whole limb, vasoconstriction in response to limb dependency during the heat stress was due to neurotransmitter(s) associated with cutaneous active vasodilation, and/or nitric oxide, inhibiting VAR-mediated vasoconstriction. Alternatively, attenuated VAR responsiveness may simply be due to an effect of cutaneous vasodilation overriding a VAR-mediated cutaneous vasoconstrictor stimulus.
In summary, the vasocontrictive response that occurs during the engagement of the VAR via leg dependency is significantly attenuated when evaluated at the femoral artery as well as the cutaneous vasculature of the lower leg following pronounced whole body heating. Reduced vasoconstrictor responses, and thereby attenuated reductions in vascular conductance to the VAR in heat-stressed subjects, likely contribute to compromised blood pressure control and thus reduced orthostatic tolerance that occurs when individuals are in this thermal state.
